Context. The formation and evolution of the Milky Way bulge is not yet well understood and its classification is ambiguous. Constraints can, however, be obtained by studying the abundances of key elements in bulge stars. Aims. The aim of this study is to determine the chemical evolution of C, N, O, and a few other elements in stars in the Galactic bulge, and to discuss the sensitivities of the derived abundances from molecular lines. Methods. High-resolution, near-infrared spectra in the H band were recorded using the CRIRES spectrometer on the Very Large Telescope. Due to the high and variable visual extinction in the line-of-sight towards the bulge, an analysis in the near-IR is preferred. The C, N, and O abundances can all be determined simultaneously from the numerous molecular lines in the wavelength range observed. Results. The three giant stars in Baade's window presented here are the first bulge stars observed with CRIRES during its science verification observations. We have especially determined the C, N, and O abundances, with uncertainties of less than 0.20 dex, from CO, CN, and OH lines. Since the systematic uncertainties in the derived C, N, and O abundances due to uncertainties in the stellar fundamental parameters, notably T eff , are significant, a detailed discussion of the sensitivities of the derived abundances is included. We find good agreement between near-IR and optically determined O, Ti, Fe, and Si abundances. Two of our stars show a solar [C+N/Fe], suggesting that these giants have experienced the first dredge-up and that the oxygen abundance should reflect the original abundance of the giants. The two giants fit into the picture, in which there is no significant difference between the oxygen abundance in bulge and thick-disk stars. Our determination of the sulphur abundances is the first for bulge stars. The high [S/Fe] values for all the stars indicate a high star-formation rate in an early phase of the bulge evolution.
Introduction
The origin and chemical properties of the Galactic bulge are poorly understood, see, for instance, the reviews by Wyse et al. (1997) and Kormendy & Kennicutt (2004) . These properties are critical for our understanding of the formation and evolution of the Milky Way, but also of galaxies in general (Renzini, 2006) .
The classification of the Galactic bulge is also ambiguous: Its structure and shape, with a peanut-formed profile and a small bar, dynamic and transient in nature, show sigSend offprint requests to: N. Ryde ⋆ Based on observations collected at the European Southern Observatory, Chile (ESO Programme 60.A-9058A) natures of the secularly evolved 'pseudo-bulges'. Binney (ref IAU254, in press ) defines it as a clear case of a pseudo-bulge. These are typical for late-type galaxies, containing young stars, and believed to form slowly out of disk gas and stars (Kormendy and Kennicutt, 2004) .
However, the stars in the bulge seem to show ages and enhancements of α elements 1 relative to iron sooner characteristic of 'classical bulges', suggesting that the star-formation period was early and very short (Lecureur et al., 2007; Fulbright et al., 2007) . The classical bulges are typical for Sa and Sb galaxies, they are similar to elliptical galaxies, and are interpreted as formed through hierarchical clustering and merging events. (Livingston and Wallace, 1991) in the H band is shown with a full, black line. Our best synthetic spectrum is shown in red. All synthetic lines which are deeper than 0.97 of the continuum are marked. Metal lines are shown below the spectrum. The metal lines are fitted to the solar atlas by changing their line strengths given the abundances compiled by Grevesse and Sauval (1998) . The lines used for an abundance analysis in the stellar spectra are shown with diamonds (for good unblended lines) and dots (for blended, slightly less sensitive lines). A few of the good lines are too strong and therefore very sensitive to the microturbulence and less useful for determining the corresponding abundance. A few Ti lines which are seen in our stellar spectra are not visible in the solar spectrum. CN lines are indicated below the spectrum by red lines. Furthermore, they probably had most of their star formation long ago and therefore contain mostly old stars. Indeed, colourmagnitude diagrams indicate that most of the Galactic bulge stars formed more than 10 Gyr ago (Ortolani et al., 1995) and Zoccali et al. (2003) find no trace of a younger population in the bulge. Hence, the bulk of the bulge's stellar population is thought not to have formed by slow secular evolution. For instance, Minniti and Zoccali (2008) conclude in their review on the Galactic bulge, that a secular evolution of the disk forming a bulge can be excluded. 2 Hence, the formation of the Milky Way bulge is not well understood and its classification is still inconclusive. Since the different formation scenarios can be constrained by abundance surveys, more of them need to be performed. The two types of bulges give different dynamic and chemical signatures. From 2 Although there is a considerable agreement that there exists a dominant, old, metal-rich population in the bulge, there is some evidence of ongoing star formation and a younger population within of the order of 100 pc of the geometrical centre, see e.g. Figer et al. (2004) and Barbuy (2002) . the α-element compositions relative to iron as a function of the metallicities, [Fe/H] , of the stars, one can infer star-formation rates (SFR) and initial-mass functions (IMF) (see, for example, McWilliam and Rich, 2004) . A shallower IMF will increase the number of α-element producing stars thus leading to higher [α/Fe] values. A faster enrichment due to a high star-formation rate will keep the over-abundance of the α elements relative to iron at a high value also at higher metallicity. Different populations may show different behaviours.
To fully clarify the situation, a determination of the degree of mixing-in of other populations than the dominant one needs to be done. A search for other populations should be performed in different parts of the bulge, especially in the centre and along the galactic plane, by abundance surveys of bulge stars. Until now, the bulge has remained fairly unexplored, mainly because of the high and variable optical obscuration due to dust in the line-of-sight toward the Galactic centre. Other difficulties that affect investigations of bulge stars are the crowding of stars and the confusion of foreground stars. However, the infrared, with lower extinction (A K ∼ 0.1 × A V ; Cardelli et al. (1989) ) and predominantly molecular rather than atomic abundance indicators, is a preferred wavelength region to study abundances in bulge stars (Ryde et al., 2005) . This will allow the investigation of the entire bulge and not only regions with low optical obscuration. Discussions of abundances based on highresolution spectroscopy in the IR are becoming more common due to spectrometers such as the Phoenix (Hinkle et al., 1998 (Hinkle et al., , 2003 and CRIRES spectrometers (Moorwood, 2005; Käufl et al., 2006) . In this paper, which is the first in a series, we have studied abundances in the first three bulge giants based on near-IR spectra observed with the CRIRES spectrometer, during its science Verification observations. We have in particular studied the abundances of the C, N, and O elements, as derived from molecular lines, and discuss their uncertainties.
1. Red stars stand out the most in the near-IR not only because they are brightest there. Admittedly, the dust extinction decreases monotonically with wavelength, which favours longer wavelengths, but interstellar dust radiates strongly in the mid-and far-IR, and therefore the near-IR should be preferred. Furthermore, in the thermal infrared (i.e. beyond approximately 2.3 µm) the telluric sky and the telescope shine due to their intrinsic temperatures, making observations increasingly difficult, the longer the wavelength. Thus, this leaves us with the J, H, and K bands for an optimal spectroscopic study. 2. The near-IR is also preferred to the visual wavelength region for analysis of abundances due to the fact that the absorption spectra are less crowded with lines, that fewer lines are blended, and that it is easier to find portions of the spectrum which can be used to define a continuum. These are important facts which reduce the uncertainties in the derived abundances. 3. For the rotation-vibration bands in the IR that occur within the electronic gound state, the assumption of local thermodynamic equilibrium (LTE) in the analysis of the molecules is probably valid (Hinkle and Lambert, 1975) , which simplifies the correct analysis dramatically. 4. Moreover, in the Rayleigh-Jeans regime, the continuum intensity is less sensitive to temperature variations. This means that the effects of, for example, effectivetemperature uncertainties or surface inhomogeneities on line strengths should be smaller in the IR. 5. Not least, it is important to realise that in general the determination of the oxygen abundance can only be carried out with confidence if the carbon abundance is well known, since the CO molecule holds most of the C and much of O in cool star atmospheres. Only the IR offers, even within a small wavelength range, all indicators necessary to accurately determine the C-N-O molecular and atomic equilibrium in the atmospheres of cool stars, through the simultaneous observation of many clean CO, CN and OH lines.
A general drawback of a spectral analysis in the near-IR is that there are much fewer atomic and ionic lines. The ones that exist often originate from highly excited levels in metal atoms, which also complicates an interpretation. Furthermore, many lines are not properly identified and/or lack known oscillator strengths, which are needed in an abundance analysis. Furthermore, even though great advances have been made in the technology for recording near-infrared light, existing spectrometers are still much less effective than optical ones, one of the main reasons being the lack of cross-dispersion. Finally, determining the stellar parameters based only on near-IR spectra is difficult.
Nevertheless, the near-IR is the optimal spectroscopic region to work in, in order to get a handle on the Milky Way bulge through abundance analysis. Recently, a few studies of elemental abundances of bulge stars using near-IR spectra at high resolution (R ∼ 50, 000) have been performed with the Phoenix spectrometer, see for instance Meléndez et al. (2003) , Cunha & Smith (2006) , Cunha et al. (2007) , and Meléndez et al. (2008) . Interesting investigations of bulge stars have also been performed with NIRSPEC at the Keck II telescope at 1.5-1.8 µm, see for instance Origlia et al. (2002) ; Rich (2003, 2004) ; Rich and Origlia (2005) ; Rich et al. (2007) . However, in these studies, the spectral resolution is lower, R ∼ 25, 000, which does not allow stellar lines to be fully resolved.
Observations
In the project 'CNO abundances in bulge giants', we were granted 3 hours of science verification observations with CRIRES. CRIRES is a cryogenic echelle spectrograph designed for high spectral resolution, near-infrared observations. This paper is based on the spectra obtained during those observations, which were performed on 12 August 2006. Adaptive optics (MACAO -Multi-Applications Curvature Adaptive Optics) was used, which enhances the signal-to-noise ratio and the spatial resolution. The stars observed are Arp 4329, Arp 4203, and Arp 1322 4 in Baade's Window. These stars were chosen among the bulge giants observed optically by Fulbright et al. (2006) . The H magnitudes and the total exposure times, t exp , for each programme star are given in Table 1 . (Hinkle et al., 1995b ) is shown with a full, black line. Our best synthetic spectrum is shown in red. All synthetic lines which are deeper than 0.97 of the continuum are marked. Metal lines are indicated below the spectrum. A lot of them are blended with molecular lines and some are not visible as such, but these are marked anyway since they do contribute to the spectral feature. The g f values of metal lines visible in the solar spectrum are determined from Fig. 1 . The other lines are fitted in the Arcturus atlas by changing their line strengths given the abundances deduced by Fulbright et al. (2007) . Molecular lines are indicated above the spectrum (red for CN, blue for CO and green for OH). Some well-suited molecular lines for an abundance determination (i.e. of suitable strength and unblended) are indicated with CN, CO, and OH respectively. As can be seen the weak and strong OH lines can not be fitted with the same abundance. The stronger OH(v = 2 − 0, 3 − 1) lines indicate an abundance of A O = 8.79 and the weaker OH(v = 4 − 2) ones require an oxygen abundance 0.1 dex lower to be fitted. This difference is not understood but will be investigated later.
The slit width was 0.4 ′′ yielding a spectral resolution of R = λ/∆λ = 50, 000 with four pixels per spectral resolution element. The wavelength range expected was 1532.6−1570.5 nm (in order 36) over the detector arrays, consisting of a mosaic of four Aladdin III InSb arrays in the focal plane. However, both the first and fourth detector arrays had problems.
5 Thus, only the spectra from the second and third arrays have been used for the analysis. Data for the first and fourth ones were used to confirm abundances when possible. This is, nevertheless, an improvement in wavelength coverage compared with the Phoenix detector, which corresponds to circa one of CRIRES's detec- 5 During early science verification, detectors 1 and 4 suffered some vignetting. Moreover, a quasi 'odd-even'-effect, characteristic of this type of array, could not yet be mitigated by non-linear flatfielding. In the future, within the limits of the width of the Echelle order, also these detectors can be employed for precison abundance studies and to constrain the stellar continuum.
tor arrays (∆λ = 0.5%). The approximate signal-to-noise ratios (SNR) per pixel-element in the dispersion direction (the spectrum collapsed in the spatial direction) at the continuum at 1554.8 nm of the observed spectra (in the third detector array), are also given in Table 1 . The SNR per wavelength resolution element is a factor of 2 larger. The SNR varies by a factor of two between the detector arrays. The SNR of the second array varies approximately from 70% to 100% linearly with wavelength, whereas the third detector array, which is the best one, provides a relatively constant SNR.
The observed data were processed with standard routines in the reduction package IRAF (Tody, 1993) 6 , in order to retrieve one-dimensional, continuum normalised, and wavelength cali- brated stellar spectra. The four arrays were reduced separately, resulting in four spectra, one for each array. In order to remove the detector dark current and the background emission from the thermal sky and telescope from the stellar frames, the telescope was nodded along the slit between the source and a region of the sky (in an 'AB' configuration with a nod throw of 10 ′′ ). The two equally long exposures were subtracted from each other, yielding two sky-subtracted exposures of the star. The reduced spectra from these exposures, were combined in IRAF with task scombine. In the wavelength region observed, the sky is relatively free from telluric lines, so no division by a standard star was made. The wavelength calibration was performed using the stellar lines themselves. The local continua of the spectra were fitted and normalised by a 4th-order Legendre function with the IRAF task continuum.
Irrespective of the width of the entrance slit -if one opens it to more than the width (FWHM) corresponding to the stellar image -the factual entrance slit becomes the star itself. So for our case, the effective spectral resolution was higher then R = 50, 000, but not well constrained. Thus for the sake of consistency all spectra are degraded to the worst case, that is a spectral resolution of R = 50, 000.
Analysis
The spectral resolution is high enough for spectral lines to be resolved. Furthermore, in the near-IR wavelength region there are few enough lines that many lines are not blended. This makes the abundance analysis easier, since individual, unblended lines can be studied. In the spectra observed we have identified approximately 50 CN, 40 OH, and 40 CO lines of varied quality for an abundance analysis. We determined the carbon abundance from the CO(v = 3 − 0) band, the nitrogen abundance from a dozen suitable CN lines, and the oxygen abundance from a dozen suitable OH lines. Furthermore, many metal lines are identified and used in the analysis.
We analyse our data by modelling the stellar atmospheres of our observed stars and calculating synthetic spectra, using extensive line lists, for that atmosphere. The temperaturedependent partition functions and continuous opacities are calculated for every depth in the atmosphere. The spectral region we observed and synthesise ranges from λ air = 15315 to 15710 Å. The synthetic spectrum is thereafter convolved with a macroturbulence function in order to fit the shapes and widths of the lines, including the stellar macroturbulence and instrumental broadening (given by the spectral resolution). We then derive elemental abundances by fitting the synthetic to the observed spectra by changing the atomic abundances, which are Fulbright et al. (2006 Fulbright et al. ( , 2007 used in the calculation of the synthetic spectra and the molecular equilibria. Finally, we reiterate the method using the derived abundances in the model atmosphere calculation in order to be self-consistent. The best fits are found by visual inspection line by line, interpolating in three synthetic spectra with incremental differences in C, N, or O abundance of 0.05 dex. For every suitable OH and CN line the best fit is determined. For the CO band a best general fit to the feature is determined. In Figure 5 we demonstrate how clearly a difference of 0.1 dex in the abundances of C, N, or O from the observed spectra can be determined. Note, that for our bulge stars, the CO lines are relatively independent of the O and N abundances and that the OH lines are relatively independent of the C and N abundances. In contrast, the CN lines get stronger with increasing C and get weaker with increasing O. However, with well defined C and O abundances from many lines, the CN lines are mainly dependent on the N abundance. Using Arp4329 as an example, we find the following abundances and standard deviations: (i) log ǫ(C) = 7.42 ± 0.05 from the CO band, (ii) from the many OH we find log ǫ(O) = 8.25 ± 0.03, and (iii) from the many CN lines log ǫ(N) = 7.23 ± 0.05, the latter two with a standard deviation of the mean of 0.01. Hence, we find a typical standard deviation of 0.05 dex for the observational uncertainties.
Next, we will discuss the model atmospheres, the stellar parameters, the spectrum synthesis, and the line data.
Model atmospheres
We use model atmospheres provided by the MARCS code (Gustafsson et al., 2008) . These hydrostatic, spherical model photospheres are computed on the assumptions of local thermodynamic equilibrium (LTE), chemical equilibrium, homogeneous spherically-symmetric stratification, and the conservation of the total flux (radiative plus convective; the convective flux being computed using the mixing length recipe). The radiation field used in the model generation is calculated with absorption from atoms and molecules by opacity sampling at approximately 95 000 wavelength points over the wavelength range 1300 Å-20 µm. The models are calculated with 56 depth points from a Rosseland optical depth of log τ Ross = 2.0 out to log τ Ross = −5.0. Data on absorption by atomic species are collected from the VALD database (Piskunov et al., 1995) and Kurucz and other authors (for details, see Gustafsson et al. (2008) ). The opacity of CO, CN, CH, OH, NH, TiO, VO, ZrO, H 2 O, FeH, CaH, C 2 , MgH, SiH, and SiO are included and upto-date dissociation energies and partition functions are used. a log ε(X) = log n X /n H + 12, where log n X is the number density of element X.
The fundamental parameters of the star are needed as input for the model photosphere calculation. Based on optical spectra and an extensive discussion, Fulbright et al. (2006 Fulbright et al. ( , 2007 derived these parameters for, among others, our 3 programme stars. In our analysis we use these stellar parameters, see Table  3 . Fulbright et al. (2006) find a good agreement for these stars between the Kurucz models they use and MARCS models. Our models are calculated in spherical geometry, assuming a mass of 0.8 M ⊙ . Unfortunately, the range in excitation energy for the molecular transitions in our wavelength region is not great enough to admit a good determination of effective temperature from the spectra alone. In future studies, the possibilities to extend the wavelength region in order to admit such determinations should be explored.
The iron abundances of Fulbright et al. (2007) are used in the models. In the model atmosphere calculation we have used a general [α/Fe] = 0.4 (including oxygen) for the two most metal-poor stars, whereas for Arp 1322 we use [α/Fe] = 0.2 (based on the discussion by Melendez et al. 2009, in prep.) . We also use specific abundances for several elements. (i) The C, N, O, Si, S, Ti, Cr, and Ni abundances are derived from our spectra. (ii) The logarithmic Mg, Al, and Na abundances are taken from the analysis by Fulbright et al. (2007) for these stars, which are {7.44, 6.34, 5.89}, respectively for Arcturus, {6.74, 5.63, 5.24} for Arp 4203, {7.06, 5.85, 5 .56} for Arp 4329, and {7.52, 6.65, 6 .36} for Arp 1322, on the usual scale where the hydrogen abundance is set to 12. Among these abundances Mg is important as an electron donor and may therefore affect the equivalent widths of spectral lines through the continuous opacity, which is mainly due to H − , while Al and Na are less significant. In a model of, for instance Arp 1322, the most important electron donors at τ Ross ∼ 1 are, in order of importance, Mg, Si, Fe, Al, H, Na, and Ca. The further out in the atmosphere, the relatively more important Al and Na become. Mg and Fe are, however, still the most important contributors in shallower layers.
The atomic opacity files used in a MARCS calculation are pre-calculated in a grid. The ones used for our stars are thus files with a general metallicity of [Fe/H] = −1.25, −1.00, and −0.25, for Arp 4203, Arp 4329, and Arp 1322, respectively. The [α/Fe] enhancement in the pre-tabulated opacity files are 0.4, 0.4, and 0.2, respectively. Furthermore, the opacity files are calculated with a microturbulence parameter of 2 km s −1 .
Synthetic spectra
For the purpose of analyzing our observations, we have generated synthetic spectra, also calculated in spherical geometry, based on these model photospheres. Calculating a synthetic spectrum from a given line list and given abundances, is done with the program BSYN v. 7.06, and calculating an abundance for an element from measured equivalent widths, is done with the program EQWI v. 7.05. These programs are based on procedures from the MARCS code. The same general metallicity ([Fe/H]), [α/Fe], and individual abundances of the specified elements, are used as in the calculation of the model atmosphere. In addition a 12 C/ 13 C = 24 (96% 12 C) is used for the bulge stars, and 12 C/ 13 C = 9 for α Boo. For elements which are not trace elements, but whose abundances affect the model structure, we iteratively change the abundance in the calculation of the model atmospheres, in order to be self-consistent.
We have synthesised the entire observed wavelength range. We calculate the radiative transfer for points in the spectrum separated by ∼ 0.5 km s −1 (corresponding to a resolution of R = 600, 000), although the final resolution is lower. With mi- croturbulence velocities of 1.5 km s −1 or more, this will ensure an adequate sampling in the generation of the synthetic spectra.
Finally, to match the observed line profiles, we introduce the customary artifice of a macroturbulent broadening, with which we convolve our synthetic spectra with a radialtangential function (Gray, 1992) . This extra broadening also includes the instrumental profile and does not change the equivalent widths of the lines. We find that we need a macroturbulence of ξ macro = 6.2, 5.8, and 6.2 km s −1 (FWHM) for Arp 4203, Arp4329, and Arp1322, respectively.
Atomic and molecular line lists
The line lists needed for the generation of the synthetic spectra consist of tables of wavelengths, excitation energies of the lower state of the transition, line strengths in the form of oscillator strengths, and the statistical weight of the upper level of the transition for molecules and atoms. Depending on the transition, the atomic line lists also provide the collisional line-broadening computed according to the collisional broadening theory by Anstee & O'Mara, (see for instance Anstee and O'Mara, 1995; Barklem et al., 2000; Barklem and Aspelund-Johansson, 2005) or the damping enhancement factor for van der Waals broadening. Furthermore, the lists provide the radiative damping (Γ rad ), and the electronic orbitals and designation of the levels involved in the transition.
The atomic line list is compiled from the VALD database (Piskunov et al., 1995) . In addition, we have determined 'astrophysical gf-values' by fitting atomic lines in synthetic spectra to the solar spectrum (Livingston and Wallace, 1991) , see Figure 1 and Table 7 . The lines fitted were, among others, some Fe, Ni, S and Ti lines.
The lines which are too weak in the solar spectrum but visible in the α Boo spectrum are fitted to the 'summer' version of the α Boo 7 IR atlas of Hinkle et al. (1995a) , see Figure 2 and Table 7 . In principle, there are, in the wavelength range observed, 11 Si lines (1 saturated), 7 Ti (2 saturated), 4 S, 5 Ni, 1 Cr, and many Fe lines to be used for an abundance analysis in bulge giants similar to ours. A few lines are avoided, such as the Ti lines at λ15334.8 and 15543.8 Å (W/λ ∼ −4.9) which are saturated and therefore less sensitive to the abundance and quite sensitive to the microturbulence. The parameters of our α Boo model are adopted as in Fulbright et al. (2007) , namely, T eff = 4290 K, log g = 1.55 (cgs), [Fe/H]= −0.50, [α/Fe]= 0.4, and ξ micro = 1.7. The abundances of α Boo of Mg, Al, Na, Si, Ti, and Ca are taken from Fulbright et al. (2007) . The synthetic spectra are convolved with a macroturbulence parameter of 4 km s −1 for the comparison with the atlas. It would appear that the atlas was normalised such that the very wide Bracket hydrogen lines were removed. Therefore these were not included in the synthetic spectrum calculations, which will have some effects on the line widths.
The molecular line lists are given for all isotopic combinations that are relevant. The molecular lists included are, for CO (Goorvitch, 1994) , SiO (Langhoff & Bauschlicher), CH 7 The fundamental parameters of Arcturus are closer to those of our programme stars (Jørgensen et al., 1996) , CN (Jørgensen & Larsson, 1990; Plez, 1998, private communications) , OH (Goldman et al., 1998) , and C 2 (Querci et al. 1971; Jørgensen, 2001, private communications) . The accuracy and the completeness of these line lists are discussed in Decin (2000) . For the molecules, the line lists were adopted as they are and instead of modifying the g f values, the abundances of log ǫ O = 8.76 (from OH lines), then log ǫ C = 8.06 (from CO lines) and last log ǫ N = 7.67 (from CN lines) were obtained from the Arcturus atlas. These values are in fair agreement with the values found by Decin et al. (1997) and used in Ryde et al. (2002) , namely log ǫ O = 8.67, log ǫ C = 7.90 log ǫ N = 7.55. The OH and CO lines are not seen in the Solar atlas and can therefore not be checked. In contrast to the case for the OH and CO lines, the wavelengths of the CN lines very often seem to be wrong, giving rise either to too strong or too weak features, and sometimes features where there are no observed lines at all. Therefore the judgement of the general fit for the CN lines will be uncertain. A few obvious shifts were made. The CN lines in the Sun seem to become too weak when our C, N, and O abundances of 8.41, 7.80, and 8.66, respectively (Asplund et al., 2005) , are assumed. This improves if instead the Grevesse and Sauval (1998) abundances are used. This might perhaps be expected considering the 3D modelling origin of former abundances and the 1D plane-parallel models used here.
Discussion
In Figure 3 we show our observations of the three observed bulge giants and the Arcturus spectrum, together with our final synthetic spectra. Only data from the detector array with the highest SNR are shown here (the third one of four). The bulge-star spectra are shown in the order of increasing metallicity and CO-band strength. The fits are, in general, very good. It is obvious that there are numerous, clean molecular-lines of CO, CN, and OH available in this region from which the C, N, and O abundances, as well as the important C-N-O molecular equilibria, can be determined. This should be compared with the scarcity of relevant lines in the optical region.
Since the uncertainties in the abundances derived from molecular lines due to uncertainties in the fundamental parameters are of importance, we append a discussion of the sensitivities of the derived abundances to the fundamental parameters in Appendix A.
Uncertainties in the derived C, N, and O abundances
For a typical uncertainty of +100 K, for a model at 4000 K, uncertainties of ∆A C = +0.05 dex, ∆A N = +0.06 dex, and ∆A O = +0.14 dex are found. A typical uncertainty in log g of +0.2 dex, gives correspondingly, also at T eff = 4000 K, ∆A C = +0.08 dex, a We have used the following solar abundances: log ε(C) = 8.41, log ε(N) = 7.80, log ε(O) = 8.66, log ε(Fe) = 7.50, log ε(Ti) = 5.02, log ε(Si) = 7.55, log ε(S) = 7.20, log ε(Cr) = 5.67, and log ε(Ni) = 6.25. b Fulbright et al. used the following solar abundances: log ε(O) = 8.69, log ε(Fe) = 7.45, log ε(Ti) = 4.92, and log ε(Si) = 7.54. For the sake of comparison we have scaled their values to the solar values we have used. c The [Fe/H] from this work is determined from Fei lines in the CRIRES wavelength region, but not used as the metallicity in the models. C, N, and O abundances of +0.08 dex and +0.02 dex, respectively. Thus, we estimate the total internal uncertainties in the derived C, N, and O abundances, assuming uncertainties in the stellar parameters to be uncorrelated, to be approximately ∆A C = √ 0.05 2 + 0.08 2 + 0.02 2 + 0.08 2 + 0.02 2 = 0.13, ∆A N = √ 0.06 2 + 0.02 2 + 0.07 2 + 0.08 2 + 0.02 2 = 0.13, and ∆A O = √ 0.14 2 + 0.03 2 + 0.03 2 + 0.08 2 + 0.02 2 = 0.17. As a comparison, the standard deviations in the determinations of the C, N, and O abundances from the many observed CO, CN, and OH lines for a given model are small, less than 0.05 dex.
A source of uncertainty for N abundances might also be the dissociation of energy of CN, which is here, following Costes et al. (1990) set to D 0 = 7.77 eV. This quantity used to be highly uncertain. We note, however, that Pradhan et al. (1994) found the value D 0 = 7.72 ± 0.04 from multireference configuration-interaction calculations, which also agrees with experimental results of Huang et al. (1992) of 7.74±0.02. Thus, at least differentially to Arcturus, the errors in N abundances due to this should be negligible.
Whereas both weak and strong OH lines are fitted nicely in Arp 4329 and Arp 1322, the strong ones are too weak in the model of Arp 4203 and the weak ones too strong. The same is found for the Arcturus spectrum. This problem can not be solved by the modification of effective temperatures, and is thus not understood but will be investigated later.
Abundances
A part of the analysis is presented in Ryde et al. (2007) , where we provide our preliminarily derived elemental abundances. Our new resulting abundances of C, N, O, Ti, Si, S, Cr, Ni, and Fe are presented in Tables 2 and 4 . As a comparison the abundances for the same stars determined by Fulbright et al. (2007 Fulbright et al. ( , 2006 are also provided in the Tables. Typical uncertainties for the abundances derived from atomic lines are of the order of 0.1 dex and of the order of 0.15 dex from molecular lines. The uncertainties in the derived oxygen abundances by Fulbright et al. (2007) are approximately 0.15 dex (from the [OI] λ6300 line) and 0.1 dex for Si and Ti. A good agreement is found between our near-IR abundances of O, Ti, Si, and Fe and the abundances from Fulbright et al., an analysis based on optical spectra. The largest discrepancy, albeit within the uncertainties, is in the oxygen abundance, which is not surprising. The good agreement is reassuring for future analysis of stars for which only near-IR spectra will exist, for instance, analyses of bulge stars closer to the Galactic plane. It should be noted, however, that a general problem in determining elemental abundances for stars with only near-IR spectra is the temperature sensitivity of the molecular lines and the difficulties in the determination of the stellar parameters.
In Table 4 the relative abundances of the elements for Arcturus and the three bulge giants relative to the solar values are given. We see that Arcturus has quite a large overabundance of [O/Fe] which is approximately three times that expected for disk stars at [Fe/H]= −0.5. The [O/Fe] for the three bulge stars fits very well with the trend discussed in Meléndez et al. (2008) . Our two 'metal-poor' stars lie on the plateau defined by both disk and halo stars. Our determination of the [O/Fe] in Arcturus lies at the high end, mostly populated by thick disk stars (see Figure 2 in Meléndez et al., 2008 Meléndez et al. (2008) that there is no obvious difference between the oxygen abundance in bulge stars and those in thick disk stars. More stars are, however, needed in order to confirm this trend. Note that in a recent paper Chiappini et al. (2008) compare, among others, the oxygen abundances derived from planetary nebulae (PNe) and giants in the bulge and find an interesting discrepancy that the abun- (Hinkle et al., 1995b ) is also shown. The parts of the spectra which have the highest signal-to-noise ratios are shown. In these parts the C, N, and O elements can be determined. Our best synthetic spectra is shown in red. All synthetic lines which are deeper than 0.97 of the continuum are marked. A few features are not identified in the Arcturus spectrum and are labelled with question marks. These features also show up in the bulge-star spectra. dances determined from giant star spectra are systematically higher by 0.3 dex. They conclude that this discrepancy may be caused by systematic uncertainties in either the PNe or giant star abundance determinations, or both.
The carbon abundances are all depleted in our bulge giants, and nitrogen is enhanced. In Arp 4329 and Arp 1322 the C+N seems, however, conserved. This is, indeed, expected for giants that have ascended the giant branch for the first time. They have experienced CN-cycling in their interiors (with 14 N and 13 C as products) and experienced the first dredge-up. The giant Arp 4203 shows a large depletion of carbon and a large enhancement of nitrogen. Further, the [C+N/Fe] is non-solar, making this giant special. Fulbright et al. (2007) also note the peculiarity of this giant. They argue that it is a cluster member of NGC 6522 based on their oxygen, high sodium, and aluminum abundance pattern. A possibility is that this giant has experienced nuclear processing in H-burning shells, with subsequent dredge-up of material to the surface. This burning would also be responsible for the O-Na correlations in globular clusters. The high [C+N/Fe] we find may fit with this picture, since one expects an increased [N/Fe] ratio due to CNO-cycling (Gratton et al., 2004; Meléndez et al., 2008) . We also find that Arp 4203 has an excess of O relative to Fe ([O/Fe] = 0.3), which may, however, be slightly lower than the assumed general α-element enhancement of +0.4. The sum of the abundances of C, N, and O ([C+N+O/Fe]∼ 0.4) is close to that expected from a non-processed old star, formed with an excess of oxygen and α elements relative to iron. Thus, if the carbon and nitrogen abundances are correct, this implies that the oxygen abundance in this star should actually not be used to represent the unprocessed value for this bulge giant.
As regards the α elements Si and Ti we find abundance values which agree with those of Fulbright et al. (2007) . Our sulphur abundances are the first determinations for bulge stars as far as we know. All [S/Fe] ratios are relatively high, also for our most metal-rich star ([S/Fe]= +0.4 at [Fe/H]= −0.2). This implies a high star-formation rate in an early phase of the bulge evolution as discussed in the Introduction.
The Cr abundance is based on one line which introduces uncertainties due to the continuum fitting and a CN line blending into the line. This is true in particular for the most metalrich star of our sample. Thus, given the uncertainties, we cannot say whether the Cr abundance follows the general metallicity or not. This is also true for our abundance result for Ni.
It is interesting to note that lines from Si, S, Ni, and Cr in α Boo are nearly of the same strength as in the Sun. The Sun is more metal-rich and hotter which would increase the strength of these highly excited lines (χ exc = 5 − 8 eV). However, the continuous opacity due to H − is also larger, which thus compensates for this effect. Some Fe lines are stronger, others slightly weaker, and the Ti lines are much stronger in Arcturus.
Conclusions and outlook
Stellar surface abundances in bulge stars can be extensively studied in the near-IR, due to lower extinction. In particular, the abundances of the C, N, and O elements are advantageously studied in the near-IR compared to the optical wavelength region, due to numerous CO, CN, and OH lines. All these molecules are observable in the same part of the spectrum and can therefore be studied simultaneously in order to determine the molecular equilibria properly. Here, we present the first three CRIRES spectra of bulge stars, observed during the science verification observations of the CRIRES spectrometer at the VLT. We show that we can determine the C, N, and O abundances from molecular lines, with uncertainties of ∼ 0.15 dex, which are mainly due to uncertainties in the stellar parameters. Unfortunately, the range in excitation energy for the molecular lines is not great enough for determinations of effective temperatures from our spectra. The possibilities to extend the wavelength region in order to admit such determinations should be explored.
For oxygen, titanium, iron, and silicon, we show a good agreement between near-IR and optically determined abundances in stars in Baade's window, stars which can be observed in both wavelength ranges. For the two of our stars that show an unprocessed oxygen abundance, the [O/Fe] trend corroborates the idea that there is no significant difference between the oxygen abundances in bulge and thick disk stars. The abundance of the α element sulphur indicates a high star-formation rate in an early phase of the bulge evolution.
It will be very important to extend the analysis to more stars and especially to stars in other regions of the Galactic bulge, such as in the Galactic plane, in order to get a proper handle on the formation and evolution of the bulge. In these regions the optical extinction is high which permits observations only in the near-IR. Near-IR, high-spectral-resolution spectroscopy offers a promising methodology to study the whole bulge to give clues to its formation and evolution.
The observations presented here have demonstrated the feasibility and power of precision abundance measurements in the H-band. Some technical shortcomings of these early science verification observations have triggered the investigation into better non-linear flat fielding. Moreover this work has triggered 
Appendix A. Sensitivities in the derived abundances to the stellar parameters
In order to test how the derived abundances from a molecular line with a given equivalent width changes for uncertainties in the fundamental parameters of a star, a program EQWIMO v.1.0 was written, based on the MARCS code. The code needs molecular line lists and information on which atom in a molecule the abundance is to be solved for. Thus, an estimate of the sensitivities of the derived carbon, nitrogen, and oxygen abundances from the CO, CN, and OH lines to the fundamental stellar parameters can be obtained by analyzing typical molecular lines of specific strengths and deriving the abundances they would yield for different stellar parameters. For this exercise we have assumed that the stellar parameters are uncorrelated. The C, N, and O abundances are determined simultaneously for a change in the parameters, by iteratively determining one at a time. The program recalculates the molecular equilibria for every iteration. Only a few iterations are needed to reach convergence. Apart from being affected by the temperature change, the abundances derived from the molecular lines are also affected by the changes in the C, N, and O abundances through the molecular equilibria. This is especially the case for the derived nitrogen abundance. In the models that we have generated for this exercise, we have used log ǫ C = 8.32, log ǫ N = 8.00, and log ǫ O = 8.81. For many of the models, the derived C, N, and O abundances will be different, but this difference should not be significant for our abundance results. We have analysed typical CO, CN, and CO lines of the following strengths (equivalent widths): W CO = 60 mÅ,W CN = 120 mÅ, and W OH = 152 mÅ, see Table  5 .
In Figure 4 , the abundances of the C, N, and O elements derived from these typical lines at 1.5 µm are shown for different effective temperatures, surface gravities, and metallicities, but for given line strengths. We can see that the oxygen abundance is most temperature sensitive. Both the CO and OH lines are of low excitation and therefore not much affected by the temperature for their excitation. The temperature behaviour of the abundances derived from these lines is mainly caused by the increasing dissociation of the molecules (more for OH, which has the lowest dissociation energy of the three molecules) as the temperature rises. Fewer molecules are available at higher temperatures, which means that the abundances of the constituting atoms have to be higher for a given equivalent width of the molecular line. The CN line, which has an excitation energy of its lower level of 1.15 eV, is more sensitive to the temperature for its excitation. As the temperature increases more CN is excited to the lower level of the CN line, which means that a lower abundance is needed for a given equivalent width. The behaviour of the derived nitrogen abundance from CN is governed by this effect, and by the increased dissociation of the molecule as the temperature increases, but also by the increase of the carbon abundance (which increases the CN abundance) and the large increase of the oxygen abundance (which increases the NO abundance and decreases the CN abundance). In sum, more nitrogen is needed for a given CN line strength as the temperature rises. In all these cases the continuous opacity does not change very much. Since the line strengths are proportional to the ratio of the line to continuous opacities, also the continuous opacity has to be discussed when analysing the changes in line strength due to abundance changes. At 1.5 µm it is almost solely due to H − bound-free and free-free processes (more than 98%).
From Figure 4 , we can also note that the carbon abundance derived from the CO line increases with increasing surface gravity, whereas the oxygen abundance derived from the OH line is nearly independent of a change in log g. The reason is that for an increase of the surface gravity from say log g = 1.0 to log g = 2.0, the continuous opacity increases by a factor of 3 (or 0.5 dex). However, also the partial pressure of OH (log P OH /P g ) at the formation depth increases by approximately the same amount, which leaves the line strengths nearly unaffected, and thus the oxygen abundances derived from a given equivalent width of the OH line will not vary greatly. However, the partial pressure of CO increases by only approximately 60% (0.2 dex). This means that the increase of the continuous opacity affects the lines more in the sense that they get weaker as the surface gravity of the stellar model increases. Hence, a larger abundance of the constituent atoms is needed for a given equivalent width. The increased carbon abundance increases the CN abundance as the gravity increases, leading to slightly lower nitrogen abundances. Finally, the C, N, and O abundances increase as the metallicity increases, since the continuous opacity increases which weakens the lines.
In Figure 5 we show the spectral changes when changing the C, N, and O abundances by ±0.1 dex. We have chosen to take our model of Arp 4329 as a test model. The stellar parameters are given in Table 3 , and, more importantly, the original C, N, and O abundances are those given in Table 2 . Difference in abundances of this magnitude can clearly be detected in the observed spectra. Of the three molecules for which we detect lines, CO is the most abundant, CO being the most stable molecule with the highest dissociation energy (see Table 6 ) and most carbon being locked up in CO. Next in abundance comes OH, which is easily dissociated due to a low dissociation energy. Of the nitrogen-bearing molecules, CN is the third most abundant, which makes it a trace molecule. Thus, its abundance-change is to a high degree determined by how the other three molecules, namely N 2 , NH, and NO, are affected.
The continuous opacity does not change when the C, N, and O abundances are changed by 0.1 dex. Thus, with the partial pressures of the molecules in mind and noting that oxygen is more abundant than carbon and nitrogen, we can understand qualitatively the changes in Figure 5 ; -Changing the oxygen abundance affects both the OH and CN lines. Increasing the oxygen abundance increases the OH lines and decreases the CN lines by a relatively large amount. The CO lines are actually also increased, but by a very small amount. The reason for the changes is that, in the line-forming regions, the partial pressures increase by a large amount for OH and a small amount for CO, which is to be expected. Also the partial pressure of NO increases, which leads to a smaller amount of available nitrogen. Since also some extra carbon is used in increasing the number of CO molecules, there are smaller amounts of C and N left for the formation of CN, whose line strengths therefore decrease. -When changing the nitrogen abundance, only the CN lines are affected discernibly. The partial pressures of N 2 , NH, and NO are also increased, but the OH and CO lines are not affected noticeably. -As expected, when increasing the carbon abundance both the CO and CN lines get stronger. However, the OH pressure is not affected very much. In general, determining the oxygen abundance from OH lines can only be done if the C abundance is also know, since much oxygen is locked up in CO, and a change in the carbon abundance will affect the amount of available oxygen for OH, see point 5 in Sect. 2.1. Indeed, at solar-type C/O ratios, there is only 80% more oxygen than carbon. Changing the carbon abundance will then affect the amount of available oxygen through the formation of more CO. However, in our test model we have log ǫ O = 8.25 and log ǫ C = 7.42 (see Table 2 ), which means that oxygen is enhanced and carbon is reduced compared to the metallicity-scaled solar values. Thus, in our test model, which is supposed to be a model of a typical bulge giant, there is nearly seven times more oxygen than carbon, by number. Therefore, a change in the carbon abundance in a typical bulge star, with an enhanced oxygen abundance, will not change the strength of the OH lines as much as expected for a star with a solar-type carbon-to-oxygen ratio. -To summarise and to put it in another way, for our test model, the OH lines are mainly affected by the oxygen abundance, the CO lines by the C abundance, but the CN lines are affected by the nitrogen, as well as the C and O abundances. 5 . Part of the observed CRIRES spectrum of the bulge giant Arp 4329 is shown with a full, black line. Synthetic spectra are shown in red and blue, with the carbon, oxygen, and nitrogen abundances, respectively, changed by +0.1 dex (red line) and −0.1 dex (blue line) relative to the best-fit abundances. Table 7 . Line list of our 816 metal lines in the wavelength range observed. The seven columns give (1) the wavelength in air, (2) the excitation energy of the lower level, (3) log g f , (4) the radiation damping parameter (when no value was available the very low value of 1.00 × 10 5 was used), (5) the van der Waals damping marked with an 'A' when calculated according to Anstee and O'Mara (1995) , Barklem et al. (2000) and references therein, Barklem and Aspelund-Johansson (2005) , or Barklem P., private communication (if a number is instead given this is an empirical correction factor to the van der Waals damping computed according to Unsöld (1955) ), (6) the atomic or ionic species, and (7) a star '*' when the log g f value has been modified by spectrum fits to the spectra of th Sun and Arcturus. 
